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This study used *’Fe Mossbauer spectroscopy to determine the activation energy for thermal recrystallization of partially
metamict davidite [multiple oxide, (La,Ce,Ca, Th)(Y,U)(Ti,Fe**), O, ]. Radioactive elements in metamict minerals damage
crystal structure primarily due to recoil nuclei from a-decay of 2**U, 22Th, 25U, and their daughter products. Metamict
minerals are widely used in geochronology and can serve as natural analogues for the study of radiation effects in high-
level nuclear waste. Analysis was performed on fragments of a davidite sample collected from the Bektau-Ata alkaline
granitoid massif (Kazakhstan). Electron-microprobe analysis showed that the sample may be classified as a davidite-(La)
due to its La concentration of 3.14 wt. %, relatively low U of 0.88 wt. %, and Th of 0.25 wt. %. The calculated total
absorbed a-dose was 8.1 x 10'* a-decay mg™'. The concentration of Fe was 15 wt. % (2.1 % Fe*" and 12.9 % Fe*"). S'Fe
Mossbauer spectroscopy was carried out on fragments of the davidite sample after one-hour annealing under an argon
atmosphere from 673 to 1373 K. A Fe*" component was observed up to 1173 K. Variation in the ratio of amplitudes for
the main absorption peaks in the Mdssbauer spectra vs. annealing temperature appeared to be a sensitive indicator of
thermally-induced recrystallization. The activation energy, £, = 0.45 eV, for recrystallization was determined based on
the exponential dependence of the amplitudes’ ratio upon temperature and using an Arrhenius plot.
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1. Introduction

Davidite (multiple oxide) is a Fe—Ti—U-bearing mineral
that is often metamict. It is generally associated with
sodium-rich, acidic igneous rocks, pegmatites, granu-
lite-facies metamorphic rocks, and hydrothermal veins
(Whittle 1959; Neumann and Sverdrup 1960; Branagan
2007; Lumpkin et al. 2014; Singh et al. 2018). Davidite,
(La, Ce, Ca, Th)(Y, U)(Fe, Mg),(Ti, Fe, Cr, V) (O, OH,
F),,, is isostructural with crichtonite group minerals and
crystallizes in the R3 space group (Pabst 1961; Rouse
and Peacor 1968; Wiilser et al. 2004). According to the
prevailing element in the cation sites, it occurs in three
forms — as davidite-(La), davidite-(Ce) and davidite-(Y)
(Orlandi et al. 2004).

A polyhedral representation of crichtonite-group min-
erals shows that REEs occupy a large X"M(O) site, where-
as yttrium, uranium, and REFE having smaller ionic radii
occupy an octahedral M(1) site (Gatehouse et al. 1979
and references therein). According to that representation
the remaining small cations, mainly titanium and iron,
occupy three other octahedral sites M(3), M(4), and M(5),
as well as the tetrahedral M(2) site. The crichtonite-type
structure was also proposed as a possible host phase for
actinides and fission products in nuclear waste deposits
(Lumpkin et al. 2014 and reference therein). Due to its

relatively high uranium and subordinate thorium contents,
natural davidite specimens are mainly found in metamict
(amorphous) state. Lumpkin et al. (2013) used electron
diffraction methods to estimate a critical amorphiza-
tion dose for 275-295 Ma davidites of about 0.8 x 10
a-decay mg'. The temperature at which fully metamict
davidite can recrystallize varies only slightly for sam-
ples collected from different geological environments.
Research by Lima de Faria (1956) and Pabst (1961)
showed that fully metamict davidites recrystallized at
temperatures between 900 and 1000 °C for one-hour an-
nealing time under atmospheric air. Further increase in
annealing time (up to 24 h) and higher temperatures (up
to 1375°C) did not lead to significant changes in sample
X-ray diffraction patterns (Lima de Faria 1956; Neumann
and Sverdrup 1960; Pabst 1961; Gatehouse et al. 1979;
Singh et al. 2018).

At present, there are only limited data on activation
energies for recrystallization processes in metamict min-
erals. Table 1 lists previously reported values obtained
using different methods. The aim of the current study was
to determine the activation energy for thermally-induced
recrystallization of partially metamict davidite using
S7Fe Mossbauer spectroscopy. The analysis also sought
to record changes in hyperfine parameters of Fe?" and
Fe3* components associated with the annealing processes.
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Tab. 1 Previously reported activation energies for annealed metamict samples

Reference Mineral Activation energy (eV) Methods
Saini et al. (1975) Allanite 2.3 (range from 1.4-3.4) Fission-track annealing
Virk (1995) Zircon 2.87 (average from: 2.15, 2.87, and 3.60)  Fission-track annealing

Janeczek and Eby (1993)
Meldrum et al. (1997)
Malczewski and Janeczek (2002)

Gadolinite (partially metamict)
Monazite
Gadolinite (fully metamict)

0.58 X-ray diffraction
0.08 Irradiation by 800 keV Kr*
1.97 Maossbauer spectroscopy

2. Materials and methods

2.1. Sample description and chemical
analysis

The davidite investigated here is a massive grayish black
with vitreous—metallic luster. It was collected in granite
pegmatite from Permian Bektau-Ata granitoid massif,
Kazakhstan (Fig. 1a). After splitting the sample into frag-
ments (Fig. 1b), the pieces were placed in quartz tubes,
sealed under argon, and annealed for one hour in a muffie

Fig. 1a — Photo of the original davidite specimen from Bektau-Ata
(Kazakhstan), 4.5 cm in length. b — Internal fragments of the specimen
analyzed in this study, ~1 cm in length.

furnace at 673, 873, 1073, 1173, 1273, and 1373 K. Each
temperature was stabilized at £2 K. After annealing, the
samples were quenched and ground into powder.

The composition of the sample was determined using
a JEOL JSM-6480 scanning electron microscope at the
Institute of Materials Engineering (University of Silesia)
with an energy-dispersive X-ray spectrometer (SEM—

Tab. 2 Age, chemical composition (wt. %), *?Rn and ’Rn emanation
coefficients, and calculated a-doses for the davidite sample examined
in this study. Measurement uncertainties (1c) are given in parentheses

Age 275(24) Ma*
(0] 29.2(14)
F 1.11(13)
Al 0.47(5)
Si 0.5(1)
Ca 0.26(6)
Ti 35.1(8)
Fe 14.6(5)
Ge 0.26(3)
Se 0.52(6)
Y 3.04(10)
Nb 0.83(15)
La 3.14(9)
Ce 2.4(1)
Dy 1.12(18)
Er 0.52(12)
Lu 0.43(3)
Ta 0.84(7)
w 0.89(3)
Pb 2.19(6)
Th 0.25(1)
U 0.83(3)
Total 99.90
Calculated total dose (D,)" (0-decay mg™) 8.1(8)x 10"
Calculated dose from **U (D,,,) (a-decay mg™) 7.2x10"
Calculated dose from U (D,,,) (a-decay mg™) 0.33x10"

Calculated dose from **Th (D,,,) (0-decay mg™) 0.53x10"
e,r 1.5x10* %

222
2
€50 2.9x102 %
* Permian age
® Doses were calculated as: D

((3’)'2’{’571), D

238 8 XN:JX(eU”X*])’ D235 =7 XNZ}J'

232 = 6 x NZ.?Z(G’/‘_U-’i 1) and DT = DZSA’ + DZSS +D232' NZSS’ NZ}F
and N,,, are the present numbers of atoms of ***U, **U and **Th per
milligram, /,., A,.. and Z,,, are the decay constants of **U, *°U and
22Th (respectively), and ¢ is the geologic age. The absorbed **°U a-do-
ses were calculated assuming a natural atomic abundance of 2*U/**U
=137.88

¢ ?’Rn emanation coefficient (e,,,) and **’Rn emanation coefficient (e,,,)

38



Activation energy of partially metamict davidite

EDS) operated at an accelerating voltage of 20 kV and
a beam current of 30 pA. Data were analyzed using the
EDS2006 software. The electron-microprobe data were
obtained from three grains (collected from 39 points, in
total) of the inner fragments of the specimen. The con-
centrations of 2*?Th, 2**U, and ?*U were calculated based
on gamma-ray activities of *Ac (*?Th), ***Ra, *'“Pb,
214Bj (»*8U), and assuming a natural atomic abundance of
28U/ASU = 137.88. Gamma-ray spectra were collected
at the Laboratory of Natural Radioactivity (University
of Silesia) using a GX3020 HPGe detector (32% ef-
ficiency with energy resolution of 0.8 keV at 122 keV)
and analyzed using Genie 2000 v.4 software. Table 2 lists
chemical composition, calculated a-doses, and radon and
thoron emanation coefficients.

2.2. Mdssbauer spectroscopy and X-ray
diffraction

For ’Fe Mossbauer spectroscopy the powder fragments
were prepared as a thin disc absorber. Mdssbauer trans-
mission spectra of the untreated fragment and annealed
fragments were recorded at the Institute of Electronic
Materials Technology (Warsaw) at room temperature us-
ing a constant acceleration spectrometer, a multichannel
analyzer with 512 channels and linear arrangement of
S7Co/Rh source (= 50 mCi) absorber and detector. Moss-
bauer spectra were numerically analyzed using Recoil
and MEP fitting software.

The untreated and annealed fragments were analyzed
for their powder X-ray diffraction (XRD) patterns at the
Institute of Physics (University of Silesia) using a SIE-
MENS D5000 diffractometer in the 6—0 geometry and
CuK  radiation in the scan mode with a step size of 0.02°
and a counting time of 5 s at each step.

3. Results and discussion

3.1. Mdssbauer spectroscopy of annealed
fragments

The 5’Fe Mossbauer spectra and corresponding XRD pat-
terns of davidite samples are shown in Fig. 2 (untreated
sample) and Fig. 3 as a function of annealing tempera-
ture. The hyperfine parameters derived from the fitting
procedure for each annealed sample are summarized in
Tab. 3. The Mossbauer spectrum of the untreated davidite
sample from Bektau-Ata is characterized by the presence
of three quadrupole doublets assigned to Fe*" (no. 1) and
Fe** (no. 2 and 3) in M(3) octahedral positions (Fig. 2a)
(Hawthorne 1988). The larger Fe** (no. 3) doublet indi-
cates these octahedra that have undergone a distortion
relative to those observed in the davidite crystal matrix.

The powder XRD pattern (Fig. 2b) shows that the un-
treated sample is partially metamict despite an absorbed
a-dose of 8.1 x 10" a-decay mg'. Hence, in contrast to
results reported by Lumpkin et al. (2013) suggesting
that the amorphization dose for 275-295 Ma davidites
is about 8 x 105 a-decay mg™!, our results suggest that
the davidite amorphization dose exceeds 107 a-decay
mg'. This result resembles values calculated for other
metamict phases having multiple oxides (Malczewski
and Dziurowicz 2015).

The Mossbauer spectra can be fitted to three
quadrupole doublets up to 1173 K (Fig. 3a—d). The
Fe?*component is absent in spectra of fragments annealed
at 1273 and 1373 K (Fig. 3e—f) and the spectra can be
fitted by one Fe** doublet unambiguously assigned to
an octahedral position. There was no observed Fe*" in
tetrahedral M(2) sites. This observation indicates that in
crystalline phase of davidite from Bektau-Ata iron occurs
only in the third oxidation state. The presence of Fe*" in
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Fig. 2a — ’Fe Mossbauer spectrum of untreated davidite sample. Solid
dots = experimental data, thick solid line = fitted curve, thin solid line
= fitted doublets. b — Corresponding XRD pattern.
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partially metamict davidite presumably
results from reduction of Fe** to Fe*
in damaged regions of the mineral af-
fected by metamictization. These ape-
riodic domains can incorporate a large
amount of hydrogen (as OH") as a re-
sult of post-damage diffusion of H, into
the structure (Hawthorne et al. 1991).
Conversely, recrystallization can be ac-
companied by dehydroxylation with si-
multaneous Fe? to Fe**oxidation. Both
IS (isomer shift) and QS (quadrupole
splitting) values for the Fe?* doublet
decrease considerably with increasing
annealing temperature (Tab. 3). This
suggests a highly distorted geometry
for the coordinated octahedra or a
lowering of the coordination number.
Changes of hyperfine parameters ob-
served in the Mossbauer spectra coin-
cide with XRD patterns (Figs. 3g-h).
As shown in Fig. 3, the crystallinity
of the annealed fragments increases
with increasing temperature. Anneal-
ing at 1273 and 1373 K leads to a fully
crystalline structure. These results are
in line with those previously reported
for annealed fully metamict davidites
where recrystallization occurred be-
tween 900°C (1173 K) and 1000°C
(1273 K). However, the annealing path
of partially metamict davidite observed
by Mdssbauer spectroscopy differs sig-
nificantly from paths obtained for fully
metamict silicates (Malczewski 2010;
Malczewski et al. 2018).

3.2. Determination of activation
energy

Given a polyhedral geometry, me-
tamictization process causes deforma-
tion and displacement of structural
polyhedra. Thermal recrystallization
restores the structural units to their
normal positions as well as reestablish-
es distances and angles in cation poly-
hedra observed in the crystalline form

Fig. 3a—f — ’Fe M{ssbauer spectra acquired at
room temperature of davidite fragments annealed
in argon for 1 h at the given annealing tempera-
tures 7. Solid dots = experimental data, thick
solid line = fitted curve, thin solid line = fitted
doublets. g-1 — Corresponding XRD patterns.
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of the mineral. In this sense,
activation energy for thermal-

Tab. 3 Parameters for *’Fe Mossbauer spectra of annealed davidite samples (Figs 2 and 3). Isomer shift
values (IS) are given relative to the a-Fe standard

ly-induced recrystallization of T Doublet ) IS Qs: T/2° Site Intensity
metamict minerals means the (K) no. (mm s™') (mm s™) (mm s™) (CN)®
minimum energy required to RT
restore structural polyhedra to ! 1.6 1.043) 2.010) 0.352) Fe™(6) 0.14(1)
their normal positions. This can 2 0.36(1) 0.65(1) 021(1) Fe™(6) 0.44(2)
3 0.34(1) 1.15(3) 0.25(1) Fe¥(6) 0.42(2)
consequently regenerate the 673
original long-range order. I 25 1.02(2) 1.832) 0.40(2) Fe?(6) 0.20(1)
To determlng the act1vat19n 0.36(1) 0.56(1) 0.20(1) Fe(6) 0.43(3)
energy of partially metamict 3 0.35(1) 1.00(1) 0.23(1) Fe''(6) 037(3)
davidite, we propose an empiri-  g73
cal isochronal annealing model 1 1.4 0.85(2) 1.34(3) 0.42(3) Fe?(6) 0.17(3)
based on modified models for 0.36(1) 0.54(2) 0.18(1) Fe¥(6) 0.42(3)
annealing of fission fragment 3 0.38(1) 0.88(3) 0.20(1) Fe**(6) 0.41(3)
tracks in solids (Modgil and 1073
Virk 1985), and isothermal an- 1 1.7 0.82(2) 1.05(3) 0.38(3) Fe*'(6) 0.19(3)
nealing and tempering (Primak 0.37(1) 0.55(2) 0.18(1) Fe*'(6) 0.43(3)
1955, 1960; Malczewski and 3 0.38(1) 0.83(3) 0.18(1) Fe*'(6) 0.38(3)
Molak 2011). According to this 1173
model, the activation energy is 1 2.2 0.82(2) 1.00(2) 0.37(3) Fe?(6) 0.13(1)
essentially independent of tem- 2 0.37(1) 0.54(1) 0.17(1) Fe¥(6) 0.4903)
perature and annealing time but 3 0.38(1) 0.87(1) 0-13(1) Fe™(6) 0-333)
1273
may depend on the degree of )
S . 2 1.7 0.37(1) 0.64(1) 0.22(1) Fe¥(6) 1
metamictization and annealing 1373
atmosphere (Malczewski 2010). ) s 037(1) 0.64(1) 0.22(1) Fe"(6) 1

We also assume that various

@ Quadrupole splitting, ® half-width, ¢ coordination number

metamict minerals can be char-

acterized by different recrystallization temperatures
(Seydoux-Gillaume et al. 2002; Zietlow et al. 2017). This
temperature may be understood as the lowest temperature
at which recrystallization must occur almost immediately.
A quantity Q or the quantity change is usually assumed
to represent the recrystallization rate that satisfies the
Arrhenius expression in a general form:

om =aew((-7)%) (M

where 4 is the proportional constant, £, is the activation
energy (eV), T the absolute temperature (K) and % is the
Boltzmann’s constant. Equation (1) can be expressed
including recrystallization temperature 7, (K) as:

1 1\E
Q(T) = Qrexp ((T—R ) f) @

where Q, is the value of Q at T,.

As seen in Fig. 3 and Fig. 4a, amplitudes for the
main absorption peaks in the Mdssbauer spectra change
significantly with annealing temperature relative to each
other. This allows for selection of the parameter R that
represents the ratio of amplitudes of high-energy to low-
energy as an input for determining the activation energy
of recrystallization as it occurs in partially metamict

davidite and determined from Mossbauer spectroscopic
data. Figure 4b shows variation in R with temperature. As
seen in Fig. 4, progressive recrystallization between 673
and 1273 K in argon is characterized by a single-stage
mechanism wherein R equals unity at 1273 K and does
not increase after annealing at 1373 K (Fig. 3f).

The rate of change in the amplitudes’ ratio to tem-
perature, OR/OT, is a well-defined exponential function
with respect to the inverse temperature (1/7) and meets
the requirements of the proposed isochronal annealing
model (Eq. 2). This derivative function shown in Fig. 5a
can be described as:

OR _(OR 1 1)E,
a—f(a—rle"p[(i—ﬂﬂ ©

where (OR/0T), refers to the value of the derivative at
T,=1273 K.

The logarithm of the function given by Eq. (3)
(Fig. 5b) plotted against the inverse temperature forms

a straight line:
ln(a—R):b—la (4)

with slope a = 5258(230) and intercept b = —3.849(1).
Since a = E /k, the calculated activation energy is:
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E,=(0.45+0.02) eV (5)

The calculated activation energy of 0.45 eV for par-
tially metamict davidite is significantly lower than those
reported for track annealing in allanite (2.4 eV) (Saini
et al. 1975), natural zircon (2.87 eV) (Virk 1995), CaZr-
Ti,O, doped with **Cm (5.8 eV), and synthetic zircon
doped with 2*Pu (5.1-6.6 eV) (Weber et al. 1986; Weber
1991). It is also lower than the 1.97 eV value obtained
in a similar way from Madssbauer spectroscopy for fully
metamict gadolinite from Ytterby (Sweden) (Malczewski
and Janeczek 2002). However, the value of 0.45 eV for
partially metamict davidite is comparable to the value
of 0.58 eV calculated for partially metamict gadolinite
(Janeczek and Eby 1993). Values obtained after annealing
of heavy ion tracks in micaceous minerals ranged from
0.63 eV (phlogopite) to 0.96 eV (muscovite) (Sandhu et
al. 1987) (Tab. 2). Much lower activation energy was also
reported for natural monazite irradiated by 800 keV Kr**
ions (Meldrum et al. 1997).

The lower activation energy value measured for the
davidite sample relative to those obtained for fully

R, = 0.918(7), 4 = 3.79(1)x 10~* and
b=4.22(17) % 1073. Coefficient of deter-
mination R*> = 0.98.

metamict allanite, gadolinite and zircon reflects partial
metamictization of the former. In a partially metamict
state, crystalline domains coexist with smaller, irregular
amorphous regions. This heterogeneity results in a lower
activation energy measured during thermal recrystalliza-
tion relative to that obtained for a completely metamict
phase. In general, metamict oxides should have lower
activation energy values than metamict silicates.

4. Conclusions

Based on *"Fe Mdossbauer spectroscopy, one stage of
recrystallization was observed in a partially metamict
davidite. Recrystallization in argon atmosphere occurred
between 673 and 1273 K and was characterized by ex-
ponential growth in the ratio between amplitudes of the
main absorption peaks and annealing temperature. A de-
rivative function of the parameter relative to temperature
was applied as a part of an isochronal annealing model
to determine activation energy for thermally-induced re-
crystallization of examined davidite. Future research will
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Fig. 5a — Plot of OR/OT vs. T"'. The solid line shows the exponential fit
based on Eq. (2). b — Corresponding Arrhenius plot of In (OR/0T) vs.
T'. Solid line represents linear regression given by Eq. (3).

use the proposed isochronal annealing model to analyze
other iron-bearing metamict phases using Mdssbauer
spectroscopy. The presence of Fe*" in untreated, partially
metamict davidite apparently results from Fe’* to Fe?*
reduction in the radiation damage regions.
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